To understand the role of nucleocapsid protein (NP) of hantaviruses in viral assembly, 17 the effect of NP on intracellular traffic of viral glycoproteins Gn and Gc was 18 investigated. Double staining of viral and host proteins in Hantaan virus 19 (HTNV)-infected Vero E6 cells showed that Gn and Gc were localized to cis-Golgi, in 20 which virus particles are thought to be formed. When HTNV Gn and Gc were expressed 21 by a plasmid encoding glycoprotein precursor (GPC), which is posttranslationaly 22 cleaved into Gn and Gc, Gn was localized to cis-Golgi, whereas Gc showed diffuse 23 distribution in the cytoplasm in 32.9% of Gc-positive cells. The ratio of the diffused 24 Gc-positive cells was significantly decreased to 15.0% by co-expression of HTNV NP. 25
Introduction 41
Hantaviruses are classified into the family Bunyaviridae, genus Hantavirus. 42
Hantaviruses have been found in animals belonging to the Orders Rodentia, 43 Soricomorpha and Chiroptera. To date, only rodent-borne hantaviruses have been 44 thought to be pathogenic to humans. Hemorrhagic fever with renal syndrome (HFRS) 45 and hantavirus pulmonary syndrome (HPS) are severe diseases caused by infection of 46 hantaviruses. HFRS is characterized by renal dysfunction and hemorrhage and is caused 47 by Old World hantaviruses such as Hantaan virus (HTNV), Seoul virus (SEOV), 48 Dobrava virus (DOBV) and Puumala virus (PUUV). HPS is characterized by acute 49 respiratory distress and is caused by New World hantaviruses such as Sin Nombre virus 50 (SNV) and Andes virus (ANDV). The number of HFRS cases is estimated to be more 51 than 100,000 per year with a case-fatality rate of less than 10%. In contrast, although 52 the number of HPS cases is estimated to be only a few thousand per year, the 53 case-fatality rate of HPS has reached as high as 40%. Specific treatments and vaccines 54 against HFRS and HPS remain to be developed (Jonsson et al., 2010) . 55
Hantaviruses are enveloped spherical or polymorphic viruses with a diameter of 80 56 to 120 nm. The genomes of hantaviruses are composed of tri-segmented single-stranded, 57 negative sense RNA, designated as small (S), medium (M) and large (L) segments. Formation of progeny particles of hantaviruses is thought to take place in the Golgi 69 complex as is the case in representative viruses of the Bunyaviridae family (Schmaljohn 70 and Nichol, 2007) . However, the mechanism leading to assembly of viral components 71 remains unclear. In many other viruses, matrix protein has a key role in the process of 72 but not in GPC expressing cells, implying that NP has a role in particle formation. 77
Indeed, interaction between NP and cytoplasmic tails of Gn and Gc has been reported 78 (Hepojoki et al., 2010b). In addition, it was reported that NP is localized at endoplasmic 79 reticulum (ER)-Golgi intermediate compartment (ERGIC) prior to its movement to the 80 Golgi compartment and that inhibition of transport of NP to ERGIC resulted in 81 reduction of virus replication (Ramanathan et al., 2007) . Taking into account these 82 findings, we hypothesized that NP has alternative role of matrix protein in the process 83 of assembly and particle formation. In this study, to elucidate the role of NP in viral 84 assembly, the effect of GPC and NP expression on their intracellular traffic was 85 investigated 2 × 10 5 cells/ml of Vero E6 cells were mixed with a equal volume of medium 98 containing 2 × 10 3 focus-forming units (FFU)/ml of HTNV (multiplicity of infection = 99 0.01). 20 μl of the mixture was seeded on 24-well 4 mm HTC slides (Thermo Scientific) 100
(2 × 10 3 cells/well). After incubation for 3 days, cells were fixed with 3% 101 paraformaldehyde in PBS for 10 min at room temperature and then permeabilized with 102 0.2% Triton X-100 in PBS for 4 min at room temperature. 103 Student's t test was used to determine statistical significance. P values of <0.05 were 162 considered statistically significant. 163
Localization of Gn, Gc and NP of HTNV in infected cells 166
To determine the localization of Gn, Gc and NP of HTNV in infected cells, the viral 167 proteins and the cis-Golgi or ER markers were doubly stained with Alexa Fluor 488-168 and Alexa Fluor 594-conjugated antibodies, respectively. Gn was stained with a 169 granular pattern and colocalized with the cis-Golgi marker but not with the ER marker 170 ( Fig. 1) . Similarly, Gc was colocalized with the cis-Golgi marker. On the other hand, NP 171 was also stained with a granular pattern but only partially colocalized with the cis-Golgi 172 marker. These results indicated that Gn and Gc were localized to cis-Golgi, while NP 173 was localized to cis-Golgi as well as other compartments in infected cells. 174 175
Localization of Gn, Gc and NP of HTNV in GPC or NP-expressing cells 176
To determine whether the localization of Gn, Gc and NP in GPC or NP-expressing 177 cells was the same as that in infected cells, Vero E6 cells were transfected with a HTNV 178 GPC or NP-expressing vector and their localization was analyzed in the same way. were co-expressed with HTNV GPC. NPs of SEOV and SNV caused reduction of the 204 ratio of diffused Gc-positive cells to 13.5% and 11.7%, respectively, which were 205 comparable with that in the case of HTNV NP (Fig. 4 ). PUUV NP also caused reduction 206 of the ratio of diffused Gc-positive cells to 25.2%, though the degree of reduction was 207 lower than others ( Fig. 4 ). To confirm the expression level of NPs, NPs were stained by 208 immunefluorescence assay ( Supplementary Fig. 1 mutants with amino acid mutations in zinc finger motif 1 (H561Q and C565S) or 2 250 (H587Q and C591S), respectively. ΔGc-3 and ΔGc-6 were mutants with deletion of 3 or 251 6 amino acids in the carboxyl terminal of Gc cytoplasmic tail, respectively. Expression 252 levels of wt GPC, ZF1, ZF2, ΔGc-3, and ΔGc-6 were similar ( Supplementary Fig. 4 ). 253
Ratio of diffused Gc-positive cells in ZF1 or ZF2 expressing cells were comparable 254 with that in wild type GPC expressing cells (Fig. 6) . In contrast, deletion of 6 amino 255 acids in the carboxyl terminal of Gc cytoplasmic tail caused an increase in the ratio of 256 diffused Gc-positive cells in the absence of NP. In addition, the effect of coexpression of 257 NP was weakened in ΔGc-6 expressing cells (Fig. 6) . These results indicate that the 258 HTNV Gc cytoplasmic tail is important for efficient cis-Golgi localization of Gc. 259
Particles of hantaviruses are thought to be formed in the Golgi complex (Schmaljohn 262 and Nichol, 2007) . Therefore, Golgi localization of viral glycoproteins Gn and Gc 263 should be an important step for their life cycle. We showed that Gn and Gc were mainly 264 detected in cis-Golgi in HTNV-infected cells (Fig. 1) . We speculate that the quantity of 265 Gn and Gc in ER is very small, since Gn and Gc are transported to Golgi complex 266 immediately after synthesis in ER. In contrast, when HTNV GPC was expressed by 267 transfection, Gc showed diffuse distribution in some cells ( Fig. 2 and Fig. 3A) , 268
indicating that factors other than GPC are involved in efficient Golgi localization of Gc. 269
In this study, we found that HTNV NP has a role in promoting the Golgi localization of Based on the results of those studies, we speculate that formation of a hetero complex is 275 a prerequisite for their transport to the Golgi complex. Interestingly, Gn was localized to 276 cis-Golgi in GPC-expressing cells regardless of the presence of NP, suggesting that 277 formation of a hetero complex before transport to the Golgi complex is accomplished 278 without NP and that Gc may be dissociated from the hetero complex after transport to 279 the Golgi complex. Therefore, NP may play a role in increasing stability of the hetero 280 complex after transport to the Golgi complex. showed the importance of a lysine at position -3 from the C terminus of the short 314 cytoplasmic tail of Uukuniemi virus G C in Golgi localization and particle formation. 315
Interestingly, the lysine is highly conserved among members of the Phlebovirus, 316
Hantavirus, and Orthobunyavirus genera. In this study, we showed that the short 317 cytoplasmic tail of Gc is important for the correct localization of Gc and for receiving 318 support from NP. Considering these reports and findings, interaction between the 319 cytoplasmic tails of glycoproteins and nucleoprotein may be conserved feature for the 320
Bunyaviridae family that lacks matrix protein. 
